Voltage-gated K + (Kv) 2.1 is the dominant Kv channel which controls membrane repolarization in rat islet β-cells and downstream insulin exoctyosis. We recently showed that exocytotic SNARE protein SNAP-25 directly binds and modulates rat islet β-cell Kv 2.1 channel protein at the cytoplasmic N-terminus. We now show that SNARE protein syntaxin 1A (Syn-1A)
Introduction
In neurons and neuroendocrine cells, depolarization opens voltage-dependent Ca 2+ channels (VDCC), and the subsequent Ca 2+ influx triggers exocytosis of neurotransmitters or hormones. Vesicle fusion with the plasma membrane is initiated by the sensing of Ca 2+ by the vesicle protein synaptotagmin, followed by, through yet unclear mechanisms, the core complex formation by SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptors)
proteins, which involve another vesicle protein synaptobrevin (vesicle-SNARE) and two plasma membrane SNARE proteins SNAP-25 and syntaxin 1 (target-SNAREs) (1) (2) (3) . It is proposed that core complex formation brings the two apposing membrane together and liberates the energy required to drive lipid re-orientation during fusion (1-3). SNARE proteins have been known to be tethered to various VDCC, and thus such a protein complex may provide rapid release response whereby SNARE proteins are exposed to a high local Ca 2+ concentration permeating through the VDCCs, which in turn are being modulated by the SNARE proteins (4) (5) (6) (7) (8) . Because of such an intimate physical and functional coupling, the secretory vesicle-SNARE protein-Ca 2+ channel complex has been termed excitosome (6) . Therefore, besides their participation in membrane fusion, SNARE proteins appear to have a regulatory role on other components (i.e. membrane ion channels) of the exocytotic process.
During increased glucose metabolism, a high intracellular ATP-to-ADP concentration ratio ([ATP]/[ADP]
) causes inhibition of pancreatic islet β cell ATP-sensitive K + channels 5 therapeutic importance, as blocking Kv channels with pharmacological agents can prolong depolarization and enhance Ca 2+ entry, and thereby sustain insulin secretion in a glucosedependent manner (14, 15) . Although SNARE protein-Ca 2+ channel interaction has been studied in great detail, little is known about SNARE protein-Kv channel interaction. Recently, using the Xenopus oocyte expression system and coimmunoprecipitation experiments, we have shown that SNAP-25 and Syn-1A physically interact with Kv1.1 and Kv2.1 (16) (17) (18) (19) . Functionally, SNAP-25 inhibits Kv1.1 and Kv2.1 currents, and such inhibition was mediated through binding of SNAP-25 to the Kv1.1 and Kv2.1 cytoplasmic N-termini (16, 17) . We have also shown that Syn-1A has a concentration-dependent biphasic effect on Kv1.1 current amplitudes: at low concentration it enhances current without affecting surface channel expression while at high concentration it decreases current amplitude probably by reducing surface channel expression (18) . More recently, we further demonstrated that Syn-1A also binds to the cytoplasmic Nterminus of Kv1.1, at the T1A domain and forms a stable complex with Gβγ subunits (19) . In this work, we surprisingly found that Syn-1A binds to the cytoplasmic C-terminus of islet β cell Kv2.1 channel protein and modulates channel properties. Syn-1A, when overexpressed, also instructions. Syn-1A was obtained by cleavage of GST-Syn-1A with thrombin (Sigma).
In vitro binding studies
GST (as a control) and GST-Kv2.1-N or -C1 or -C2 (500 pmol protein each) were bound to glutathione agarose beads and incubated with thrombin-cleaved Syn-1A (500 pmol protein) in 200 µl of binding buffer (25 mM Hepes (pH 7.4), 50mM NaCl, 0.1% gelatin, 0.1% Triton X-100, 0.1% BSA, and 0.2% β-mercaptoethanol) at 4ºC for 2 hours with constant agitation. The beads were then washed two times with washing buffer containing 20 mM Hepes (pH 7.4), 150 mM KOAC, 1 mM EDTA, 1 mM MgCl 2 , 5% glycerol, and 0.1% Triton X-100.
The samples were then separated on 15% SDS-PAGE, transferred to nitrocellulose membrane (Millipore, Bedford, MA) and identified with specific primary antibody against Syn-1A (1:2000)
(Sigma).
Electrophysiology
HEK 293 cells were voltage-clamped in the whole-cell configuration (20) using an EPC-9 amplifier and Pulse software (HEKA Electronik, Lambrecht, Germany) as we previously described (7, 8 
Confocal immunofluorescence microscopy
Laser confocal immunofluorescence microscopy was performed as described previously (17) . Transfected HEK cells were fixed with 100% methanol on 3-aminopropyltriethoxysilanetreated glass slides. The slides were then incubated at 4 °C overnight with primary antibodies, including mouse monoclonal anti-Kv2. Triton X-100, 0.1% SDS, 150 mM NaCl, 1 mM EDTA, 10 mM Tris-Cl, pH 7.5) containing a cocktail of protease inhibitors (Roche Diagnostics GmbH, Mannheim, Germany). The cell lysate was centrifuged for 20 min at 16,000 g, and the supernatant was retained. 50 µl of immobilized streptavidin resin (Pierce) (50% slurry in phosphate-buffered saline containing 2 mM NaN 3 ) was added to the supernatant, which was then incubated overnight at 4ºC with gentle rocking.
Samples were centrifuged for 2 min at 8,000 g, and the resin was washed five times with immunoprecipitaton buffer. The protein was eluted from the resin by the addition of SDS-PAGE sample buffer containing 5% 2-mercaptoethanol and incubation at 65ºC for 5 min. The samples were analyzed for Kv2.1 expression by Western blotting using anti-Kv2.1 (1:1000, Alomone
Labs, Jerusalem, Israel). Integrated density of the bands was determined using a commercial software (Scion Image Beta 4.02; Scion Corporation, Frederick, MA).
Results

Syn-1A inhibits rat islet β-cell Kv2.1 activity
We had previously shown that Kv2.1 channels account for ~60% of the outward current in rat islet β cells (15, 17, 21) , making this cell an excellent model to examine the effects of Syn-1A on this channel. Fig. 1A shows the current-voltage relationships of outward K + currents in rat islet β cells after 8-min dialysis with various fusion proteins. For clarity, the results are presented as bar graphs at two positive voltages which triggered outward currents (+10 and +60 mV) (Fig. 1B&C ). GST alone was used as a control which by itself did not cause any significant effect on β cell outward K + currents (data not shown). GST-Syn-1A (1 µM) caused a 26% and 22% reduction (p<0.05) in current density at +10 and +60 mV, respectively. We then examined whether this is mediated via the cytoplasmic N-terminus (a.a. 1-182) as we had reported with Kv1.1 (16), or with the cytoplasmic C-terminus (a.a. 411-853). Since the cytoplasmic Cterminus of Kv2.1 is quite large, and difficult to generate the recombinant protein, we generated two smaller sections of this protein, C1 (a.a.412-633) and C2 (a.a.634-853). Surprisingly, we found that co-dialysis with C1 and/or C2 prevented Syn-1A from inhibiting the Kv2.1 currents, with C2 being more effective than C1, whereas the cytoplasmic Kv2.1 N-terminus had no effect on Syn-1A actions. These data suggest that Syn-1A inhibited β cell Kv2.1 currents by interacting with the Kv2.1 C-terminal.
We next investigated whether the interactions between Syn-1A and the Kv2.1 C1 and C2
domains are direct by direct protein binding studies and functional studies using a heterologous expression model system (i.e. HEK293) which has little if any endogenous expression of these proteins (22) .
Syn-1A inhibits Kv2.1 channel activity by directly acting on its cytoplasmic C-terminus
Binding assay and electrophysiological data from our previous reports (16, 17) suggest that SNAP-25 inhibits Kv1.1 and Kv2.1 current by binding to the cytoplasmic N-terminus. We have also shown that Syn-1A binds to the N-terminal of Kv1.1 (19) . We therefore examined if
Syn-1A bound to the cytoplasmic N-or C-terminal of Kv2.1 by performing the binding assay with recombinant proteins (Fig. 2) . Syn-1A (Fig.2 , top panel) bound very strongly with C1, and less so with C2. Syn-1A bound only weakly with the N-terminus. As a negative control, GST did not bind to Syn-1A at all. Fig. 2 bottom panel shows a Ponseau S staining of the blot which demonstrates the equal protein loading of the C1 and C2 proteins, whereas the N-terminal protein and GST were loaded somewhat more, but nonetheless showed little and no binding to Syn-1A, respectively. Immunostaining of this blot with anti-GST antibodies confirmed the presence of these proteins (data not shown).
As shown in Fig. 3 , dialysing Syn-1A-GST fusion protein through the recording pipette into Kv2.1-transfected cell caused a reduction (14.4 ± 5.0%; p<0.05) of Kv2.1 current after 6-8
min. This reduction could be abolished by co-dialysis with C1 or C2. Again, similar to the results with rat islet β cell Kv2.1 channels, C2 was more effective than C1 in blocking the effects of the dialyzed GST-Syn-1A. However, Kv2.1 N-terminus was completely ineffective in preventing such reduction. These data indicate that Syn-1A inhibited Kv2.1 currents by a direct interaction with the cytoplasmic C-terminus. To quantitatively determine the amount of reduction of plasma membrane surfacing of Kv2.1 caused by the overexpression of Syn-1A and Syn-2, we performed the following study.
Transfected HEK293 cells were biotinylated so that plasma membrane proteins can be separated from the rest of the cells using the streptavidin resin. Fig. 4C (upper panel) shows that the levels of plasma membrane Kv2.1 proteins pulled down by the streptavidin resin was reduced by 49 % with the Syn-1A co-expression, but only by 22 % with the Syn-2 expression. The Kv2.1 proteins in the total lysates obtained just prior to the treatment with streptavidin resin did not change, indicating that both syntaxins did not have any significant effect on total protein synthesis of Kv2.1 (lower panel).
Modulation of Kv2.1 channel properties by Syn-1A
A number of reports have already shown that SNARE proteins profoundly affected Kv channel electrophysiological properties, such as activation and inactivation kinetics (16, 18, 19) .
We next explored whether Syn-1A targeted to the plasma membrane by co-expression would modulate the electrophysiological properties of Kv2.1 channel current. Only those cells expressing currents greater than 4 nA were selected for analysis because HEK293 cells express endogenous outward K + currents as high as 0.4 nA (data not shown). Kv2.1 had a fairly rapid activation rate, with a τ of 5.6 ± 0.6 ms (Fig. 5A) . The overexpressed Syn-1A significantly (p<0.05) slowed down the activation rate (τ = 8.5 ± 0.7 ms) while Syn-2 had no effect. Kv2.1 exhibited very slow inactivation rate (Fig. 5B) , which was neither affected by Syn-1A nor Syn-2 co-expression.
Since Syn-1A slows down Kv2.1 activation, we then examined whether Syn-1A would affect the voltage dependence of activation of Kv2.1. To study this, instantaneous activation curves were obtained using the protocol in which voltage steps from -50 to +70 mV in 10 mV increments were followed by a -40 mV step to trigger tail currents. Normalized peak tail currents are then plotted against the various voltage steps and fit by the Boltzmann equation (Fig.   6A ). Syn-1A did not significantly alter the voltage-dependence of activation of Kv2.1.
We performed the steady-state inactivation experiments to determine channel availability for activation as a function of membrane potential. A dual-pulse protocol was used in which a test pulse step of +70 mV was preceded by a long pre-pulse (12 s) of different potentials. The test pulse currents are normalized to the largest test pulse current and plotted against the prepulse voltages. The curves are best fit by the Boltzmann equation (Fig. 6B) Kv1.1 channels at its cytoplasmic N-terminus (16, 19) . This plasticity, provided by such versatile interactions between these SNARE proteins and Ca 2+ and Kv channels, is of great importance not only in neurotransmitter release but also in endocrine secretion, particularly the islet β cell, wherein a more optimal insulin secretion would be able to achieve euglycemia in the treatment of diabetes. Towards the latter, we have recently shown that SNAP-25 binds the N-terminus of rat islet β cell Kv2.1 channels (17) . In this work, we have found that Syn-1A also regulates the rat islet β cell Kv2.1 channel.
We have obtained evidence that Syn-1A modulated rat islet β cell Kv2.1 channels by binding to a novel domain, the cytoplasmic C-terminus. First, dialysis of GST-Syn-1A inhibited the outward currents in rat islet β cell, which could be blocked by the cytoplasmic C-terminus domain proteins. Second, dialysis of Syn-1A-GST fusion protein into Kv2.1-transfected HEK293 cells caused a similar reduction in current magnitude, which could also be blocked by the Kv2.1 C-terminus domain proteins. Third, our GST-Syn-1A was able to specifically pull down the recombinant Kv2.1 cytoplasmic C-terminus domain proteins, C1 (a.a. 412-633 ) and C2 (a.a. 634-853 ), but not GST, and to a much lesser extent, the cytoplasmic N-terminus.
Peculiarly, despite the slight binding to the Kv2.1 N-terminus, dialysis of this peptide fragment had no effect on the inhibitory effect of Syn-1A on Kv2.1 channel activity, in contrast to Kv1.1 channel activity (19) . Whereas Syn-1A seems to bind C1 better than C2, C2 was more effective in blocking Syn-1A inhibition of Kv2.1 activity. Our previous reports (16, 17, 19) , together with the present study, therefore demonstrate the heterogeneity in the binding of these SNARE proteins with distinct domains (C-and N-terminus) within the different Kv channel families. enhances the voltage-sensitivity of such steady-state inactivation. Remarkably, the slope of the inactivation curves lies within the depolarization ranges, implying that the physiological role of Syn-1A might be to render Kv2.1 channel less available as the cell becomes increasingly depolarized during stimulation. Note that co-expression of Syn-1A has been shown to also modulate steady-state voltage dependence of inactivation of L-and N-type VDCC expressed in Xenopus oocytes (24) .
We show here that co-expression of Syn-1A reduced Kv2.1 current density. We showed that this is due not only to a direct inhibition of channel activity (Fig. 3) , but also to an inhibition of the surfacing of the Kv2.1 protein to the plasma membrane (Fig. 4) . The latter was demonstrated by confocal microscopy and at the protein level. We recently showed that Syn-1A has a biphasic effect on Kv1.1 current: low concentration promoting while high concentration reducing current amplitudes (18) . The enhancement of current by low syntaxin expression was not accompanied by enhanced expression of channel protein while reduction of current by high syntaxin expression was largely due to a reduced expression. It is noteworthy, however, that SNAP-25 could reduce both Kv1.1 and Kv2.1 current magnitudes without affecting the channels' surface expression (16, 17) . More work is required to determine the mechanism by which Syn-1A regulates Kv channel trafficking to the plasma membrane surface.
We demonstrated recently that insulin release and L-type Ca 2+ channel activity in HIT-T15 β cells are suppressed by overexpression of Syn-1A, not Syn-2 (7). We here show that Kv2.1 channels also interact specifically with Syn-1A, but not Syn-2. Syn-1A inhibition of 
